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ABSTRACT 
Onshore sediment cores obtained from coastal lowlands around Beppu Bay were studied to establish 
a detailed chronology of tsunamigenic intraplate earthquakes that occurred in the bay in prehistoric age. 
The up to 880 cm sedimentary succession at the Oh-enji marsh, south coast of the bay, is mainly composed 
of non-marine organic-rich mud and marine silt. Three sand layers are observed in the organic-rich mud, 
while there is another sand layer D in the marine silt in the other sediment cores. At the Nokinoi lowland 
located north coast of the bay, there is a 12-cm-thick sand layer in organic-rich mud in the sediment core 
obtained at 700 m from the shoreline. All sand layers exhibit sharp upper and lower contacts with the 
surrounding muds, implying that they were deposited by a sudden event. They are characterized by higher 
magnetic susceptibility associated with higher counts of Ti and Fe, as well as Si, S, K, Ca, Mn, Sr, and Ba 
than in the overlying and underlying muds. This suggests that the sand grains were supplied from some 
environments other than freshwater marsh. Moreover, as the brackish–marine and marine diatoms 
characteristically occur in the sand layers, but not in the surrounding muds, the sand was sourced from sea 
bottom and/or shore. 
The sediments above the K-Ah tephra at the Oh-enji marsh includes at least four probable prehistoric 
tsunami deposits in 3300–3450 cal. yr BP, 4230–4530 cal. yr BP, 5160–5290 cal. yr BP or later, and 6670–
6790 cal. yr BP or later, while the sand layer observed in the Nokinoi lowland was formed before 1880–
2000 cal. yr BP. The recurrence intervals of these five prehistoric tsunami deposits is estimated to be 
approximately 850–1500 years. Given that faulting in Beppu Bay have occurred repeatedly and the tsunami 
associated with the AD 1596 Keicho Bungo earthquake inundated extensive range of coastal area of the 
bay, the prehistoric tsunami deposits at the study sites were highly likely deposited by tsunamis associated 
  iv 
with intraplate earthquakes which occurred at the submarine active faults in the bay. 
At the Oh-enji marsh, brackish–marine and marine species account for majority of the fossil diatom 
assemblages in the muddy sand layer above the organic-rich mud (~210 cm deep), implying that the muddy 
sand was deposited under an inner bay or tidal flat. As far as the facies change from non-marine to marine 
sediments is not able to be explained by the sea level change, the most likely interpretation is a local 
subsidence associated with faulting at south of the Oh-enji marsh. This interpretation is also supported by 
the present elevation of the organic-rich mud occurs between −3 and 0 m.a.s.l., indicating that the Oh-enji 
marsh has secularly subsided, because non-marine organic-rich mud is generally deposited on a freshwater 
marsh of more than 0 m.a.s.l. Though the accurate timing and single amount of faulting are not revealed, 
the Oh-enji marsh must have repeatedly subsided over the long term. 
Keywords: Tsunami deposit, Intraplate earthquake, Submarine active fault, Beppu Bay, Grain size, Diatom, 
Geochemistry, Radiocarbon dating 
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CHAPTER 1. Introduction 
1.1. Background 
Large tsunamis are typically generated by plate-boundary ruptures at subduction zones (e.g. AD 1707 
Hoei megathrust earthquake tsunami; 2004 Indian Ocean tsunami; 2010 Chile tsunami; 2011 Tohoku-oki 
tsunami), but also by vertical displacements of submarine intraplate fault ruptures. Numerous active faults 
are developed in the world, and taking adjacent seas in Japan for instance, previous acoustic studies  
revealed distributions of submarine active faults in such as Wakasa Bay (e.g. Inoue et al., 2014; Sugiyama 
et al., 2014), Ise Bay (e.g. Iwabuchi, 2000; Okada et al., 2000), Osaka Bay (e.g. Iwabuchi, 2000; Usami, 
2002), Suo-nada (e.g. Kumaki et al., 1986; Headquarters for Earthquake Research Promotion (HERP), 
2016), and Beppu Bay (e.g. Shimazaki et al., 1986; Yusa et al., 1992). Past fault ruptures are recorded in 
the sediments of seabeds along the Nosaka fault and Mikata fault zone in Wakasa Bay and Osaka Bay faults, 
but it is not known whether the fault ruptures were accompanied by tsunamis or not (Iwabuchi, 2000; Inoue 
et al., 2014; Sugiyama et al., 2014). This is because of limited information about the historic/prehistoric 
earthquakes. 
One of the few examples of tsunamis associated with intraplate earthquakes is the AD 1596 Keicho 
Bungo tsunami, which occurred in association with an earthquake of M=6.9 in Beppu Bay, eastern Kyushu, 
Japan (Hatori, 1985a; Fig. 1-1 and Table 1). The wave height of the AD 1596 Keicho Bungo tsunami is 
well documented in several written records (Hatori, 1985a; see detail in subsection 1.2.1). Distribution and 
faulting history of the submarine active faults have been revealed by acoustic and coring studies in the bay 
(e.g. Shimazaki et al., 1986; see subsection 1.2.2). 
Tsunami-generating earthquakes other than those of subduction-zone earthquakes have repeatedly 
occurred along North Anatolian Fault in Marmara Sea (e.g. Altinok et al., 1999, 2001; Awata et al., 2001; 
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Barka et al., 2002), where is the plate boundary between Anatolian and Eurasia plates. The Izmit earthquake 
(Mw=7.4; Altinok et al., 2001), which occurred on August 17, 1999, in Izmit Bay, Turkey, caused right-
lateral strile-slip movement on the fault and up to 2.5 m-high tsunami in coastal area of the bay (e.g. Altinok 
et al., 1999, 2001; Barka et al., 2002). 
As the 1999 Izmit earthquake and associated tsunami occurred in recent period with developed seismic 
observation network, the rupture zone of the earthquake, amount of displacement of the faults, and tsunami 
height were accurately revealed (e.g. Altinok et al., 1999, 2001; Awata et al., 2001; Barka et al., 2002). 
However, past intraplate earthquakes and their accompanying tsunamis in Japan remain unclear, since most 
of them occurred in prehistoric age. Beppu Bay is a suitable study area to unravel tsunami history associated 
with submarine intraplate earthquakes since there is a wealth of information on the tsunami height of 
historic earthquake and the rupture age of the submarine active faults. 
 
1.2. Previous studies 
1.2.1. Earthquake and tsunami history of Beppu Bay 
The Keicho Bungo earthquake occurred on September 4th, 1596, and associated tsunami caused more 
than 700 casualties (Hatori, 1985a). These earthquake and tsunami are well documented in several historical 
records such as "A report by Luis Frois", "The Shibayama Kanbei Diary", "The Genyo Diary", and "The 
Kitsuki local history" (Hatori, 1985a). The water heights and inundation areas of the AD 1596 tsunami are 
reconstructed based on damage situations of temples, shrines, and other constructions that are described in 
historical records along with elevations of the buildings. Distributions of destroyed temples indicate that 
the tsunami height was about 4–5.5 m at Oita City on south coast of the bay. At Nata and Saganoseki, on 
north and south entrances of the bay, the shrines at approximately 6- and 4-m-high were destroyed by the 
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tsunami, suggesting that the tsunami heights reached 6–8 m (Fig. 1-2a; Hatori, 1985a). According to a local 
lore and historical documents, the Uryujima Island, where more than 1000 settlements and 5000 people 
located, disappeared after the tsunami (Hatori, 1985a). The island is considered as a sandbar island that had 
existed at 400–500 m offshore from Oita City (Fig. 1-2a; Hatori, 1985a). There was another intraplate 
earthquake in northern Shikoku Island east of Beppu Bay that occurred three days before the AD 1596 
Keicho Bungo earthquake, but there is no description of tsunamis in ancient documents (Nakanishi, 2002). 
The coast of the bay had been affected by tsunamis generated by plate boundary earthquakes along 
Nankai Trough and Hyuga-nada as well as the intraplate earthquake in the bay (Fig. 1-1 and Table 1). 
Tsunami height of the AD 1707 Hoei megathrust earthquake (Mw≥9; Hyodo and Hori, 2013), that is 
believed as one of the largest earthquakes along the Nankai Trough, was up to 10 m at Pacific coasts of 
Shikoku Island (Hatori, 1988), but it was less than 3 m in Beppu Bay (Fig. 1-2b; Hatori, 1985b). Magnitude 
7 class earthquakes have repeatedly occurred at southeast of Kyushu named Hyuga-nada, but there was 
little or no influence on the coastal area of Beppu Bay (Table 1-1; Hatori, 1985b). It is noteworthy that the 
heights of tsunamis generated by plate-boundary earthquakes along Nankai Trough and Hyuga-nada did 
not exceed 3 m within the bay, whereas up to 8-m-high tsunami was recorded by the AD 1596 Keicho 
Bungo earthquake (Fig. 1-2 and Table 1; Hatori, 1985a, 1985b, 1988). This means that tsunamis associated 
with Nankai Trough and Hyuga-nada earthquakes did not cause significant damages on coastal area around 
Beppu Bay in historic ages. 
 
1.2.2. Previous studies on submarine active faults in Beppu Bay 
Beppu Bay, located in central Kyushu in southwest Japan, is placed at westernmost part of Median 
Tectonic Line (MTL) that is an arc-bisecting dextral fault greater than 1000 km in length (Fig. 1-1). This 
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fault is associated with a subduction along the Nankai Trough that conveys the Philippine Sea Plate beneath 
Shikoku and Kyushu at an average late of 4–5 cm/yr (e.g. Seno et al., 1993; Loveless and Meade, 2010). 
The formation process of the bay is divided into following two stages: the older stage, 5–1.5 Ma, was 
dominated by a northward-inclined half-graben, while pull-apart stress due to the right-stepping of the MTL 
developed during the younger stage from 1.5 Ma to the present, particularly from 0.7 Ma to the present 
(Itoh et al., 1998; Itoh et al., 2014). As a result of these, active faults had been densely distributed within 
and around the bay. The faults belong to the Beppu Bay-Hijiu fault zone which is about 76-km-long west-
east directed fault zone distributed from easternmost part of the bay (east part; Fig. 1-1) to internal regions 
of Oita Prefecture (west part). 
Acoustic and coring surveys conducted in Beppu Bay revealed that east-west directed normal faults 
(west part; red line in Fig. 1-3) and right-lateral strike-slip faults (east part; blue line in Fig. 1-3) are 
distributed in the bay and suggest that the faults have been active five times in the past 7000 years (Fig. 1-
3b and c; e.g. Shimazaki et al., 1986, 2000; Okamura et al., 1992; Yusa et al., 1992; Nakata and Shimazaki, 
1993; Oita Prefecture, 2000, 2001, 2002; Headquarters for Earthquake Research Promotion (HERP), 2005; 
National Institute of Advanced Industrial Science and Technology (AIST), 2012). It is known that the foot 
wall which is relatively uplifted by earthquakes is mainly north side in the northern normal faults, while 
south side had been uplifted by past faulting at the southern right-lateral strike-slip faults (Figs. 1-3 and 1-
4; Yusa et al., 1992; Shimazaki et al., 2000; Oita Prefecture, 2002; HERP, 2005; AIST, 2012). Average 
displacement rate is about 3 m/1000 yr and an average of single vertical displacement is estimated to be 
more than 4 m (Nakata and Shimazaki, 1993; Oita Prefecture, 2002; HERP, 2005). 
In recent years, sediment cores were obtained from the deepest part of the bay to establish the 
stratigraphy and to identify turbidites formed by earthquake, tsunami, and flood events (BP09-3 in Fig. 1-
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3a; Kuwae et al., 2013; Yamada et al., 2016b). These studies suggest that four turbidites with thicknesses 
of 11.0–50.8 cm among 16 sand/mud beds were most likely deposited by past earthquakes. According to 
the wiggle-matching-based ages by Kuwae et al. (2013) and Yamada et al. (2016b), their depositional ages 
were dated to 344, 617, 1685, and 1893 cal. yr BP. Though it is not certain whether the turbidite beds 
deposited in association with earthquakes or not, one of their ages well overlaps with the AD 1596 Keicho 
Bungo earthquake (Kuwae et al., 2013; Yamada et al., 2016b). 
 
1.2.3. Previous studies on tsunami deposits 
Tsunami deposit is generally defined as widely deposited sediments by tsunami inundation. Onshore 
tsunami deposits, that are composed of various grain size ranging from mud to boulder, have been preserved 
for a long time if they were formed under calm depositional environments such as coastal lakes, lagoons, 
marshes, and inter-ridge swales of strand plains. A sandy tsunami deposit has especially been used for 
paleotsunami researches (e.g. Nanayama et al., 2003; Sawai et al., 2004; Cisternas et al., 2005; Jankaew et 
al., 2008; Fujino et al., 2009; Goff et al., 2012; Sawai, 2012) since it is more easily identified from geologic 
strata than mud and gravel. Nonetheless, it is not easy to distinguish paleotsunami deposits from the other 
event deposits such as storm deposits (e.g. Goff et al., 2004; Morton et al., 2007) and flood deposits (e.g. 
Matsumoto et al., 2016; Yamada et al., 2016a) because of their similarities in sedimentary characteristics. 
Therefore, paleotsunami deposits should be identified on the basis of the sedimentological features such as 
thickness distribution, grain-size distribution, sedimentary structures (e.g. Minoura and Nakata, 1994; 
Nanayama et al., 2007; Sawai et al., 2009; Fujino et al., 2010), but also by diatom analysis (e.g. Sawai et 
al., 2004, 2008; Nanayama et al., 2003, 2007) and geochemical analysis (e.g. Minoura and Nakata, 1994; 
Minoura et al., 2001; Chagué-Goff et al., 2012, 2016, 2017). 
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1.3. Aim of this study 
Previous studies suggest that the active faults of the bay have been active in the last 7000 years (e.g. 
Oita Prefecture, 2002; HERP, 2005). However, the accurate timing of these fault ruptures is yet to be 
determined. This is largely because of the technological limitations of the fault research as well as the lack 
of ancient documents of earthquakes and tsunamis before AD 1596. In fault researches, the ages of past 
faulting are estimated by the difference in thickness between the two reflecting layers evident in sediment 
cores collected at either side of a fault (e.g. Shimazaki et al., 1986). Therefore, they have a margin of error 
of plus or minus 1000 years in some cases, and there is a possibility that a single displacement of sediments 
includes more than two activities. In this study, tsunami history is revealed by geological records preserved 
in coastal lowlands, and the results of this study will probably contribute to gain better understandings 
about faulting pattern of the submarine active faults in Beppu Bay as well as in the other sites. 
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Fig. 1-1. Location map of the study sites and distribution of active faults in Beppu Bay (AIST, 2012). Digital 
elevation model of continental area and bathymetric data were provided by the Geospatial Information 
Authority of Japan (2015a) and the Japan Hydrographic Association (2015), respectively. 
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Fig. 1-2. Reconstructed tsunami heights of the historical tsunamis generated by (a) AD 1596 Keicho Bungo 
earthquake (Hatori, 1985a) and (b) AD 1707 Hoei megathrust earthquake (Hatori, 1985b). 
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Fig. 1-3. (a) Location of the representative coring sites by the seabed studies (1: Kamegawa-oki fault (west), 
2: Toyooka-oki fault, 3: Beppu Bay central fault (west), 4: Kitsuki-oki fault (north), 5: Kitsuki-oki fault 
(south), 6: Beppu Bay central fault (esat), 7: Ozai-oki fault; Oita Prefecture, 2000, 2001, 2002; HERP, 
2005). The seabed results in Fig. 5-2 is based on the sediment core collected at BP09-3 (Kuwae et al., 2013 
and Yamada et al., 2016b). (b) The active history of the submarine active faults in Beppu Bay. Core length 
at each site (gray) with assumed event ages (black) (modified after Oita Prefecture 2000, 2001, 2002). (c) 
Calibrated event ages (HERP, 2005). 
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Fig. 1-4. Result of the acoustic survey at the Toyooka-oki active fault and the location of coring sites (No. 
2 in Fig. 1-3; modified after Oita Prefecture, 2002). Two tephra layers, Yf-1 and K-Ah, are short of 
Yufudake-1 tephra (2.2 ka; Fujisawa et al., 2001) and Kikai-Akahoya tephra (7170–7300 cal. yr. BP; Smith 
et al., 2013). 
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Table 1. List of major tsunamis that struck the east coast of Kyushu (modified after Hatori 1985a, b). 
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CHAPTER 2. Study area 
2.1. Oh-enji marsh, Oita City 
The Oh-enji marsh, at the easternmost part of Oita plain (Figs. 1-1 and 2-1), is protected from the sea 
by sandy beach and Holocene beach ridge deposits (ar in Fig. 2-2). The approximately 100 m wide marsh 
is surrounded by the Early Pleistocene (Gelasian and Calabrian) Higashiwasada and Handa formations of 
the Sekinan Group (Sn) at the seaward side and by the Middle Pleistocene Upper Formation of the Oita 
Group (Oi) at the landward side (Fig. 2-2; Miyazaki and Yoshioka, 1994). The Sekinan Group consists of 
volcanic silt and sand layers intercalating gravel and pumice tuff layers. The Upper Formation of the Oita 
Group is mainly composed of non-marine angular gravel and volcanic silt layers, but a marine silt layer is 
evident in the upper part of this formation. Late Pleistocene coast terrace deposits (tm in Fig. 2-2), which 
overlie Sekinan and Oita Groups, are composed of rounded granules and pebbles with well sorted sand 
matrix (Miyazaki and Yoshioka, 1994). 
The present elevation is approximately less than 3 m throughout the marsh, and a higher sandbar is 
located in front of the marsh (Fig. 2-1c). Reed grass grow naturally in a wide area in the present years 
although the marsh had been used for paddy fields in the past. A seaward side of the marsh had been 
excavated to make an artificial pond as a part of construction of a natural park, but most part of the marsh 
has been held in a half-natural state (Figs. 2-2 and 2-3). The water height of the AD 1596 Keicho Bungo 
tsunami is estimated to be about 5 m around this site (Hatori, 1985a). 
 
2.2. Nokinoi lowland, Hiji Town 
The Nokinoi lowland, Hiji Town, at the north coast of the bay (Fig. 2-4), is surrounded by non-marine 
sediments in Terukawa Formation and Middle Pleistocene pyroclastic flow deposits (Fig. 2-5; Ishizuka et 
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al., 2005). The non-marine sediments in Terukawa Formation (Tk) are composed of a sand and gravel layer 
as well as a reworked pyroclastic flow deposits and a pumiceous layer. The Yufugawa Pyroclastic Flow 
Deposits (Yu) are partly evident lower horizon of the Terukawa Formation around the lowland. The Akisada 
Pyroclastic Flow Deposits (As), that overlie the Terukawa Formation or Yufugawa Pyroclastic Flow 
Deposits, are composed of andesite lapilli tuff with volcanic rock. These deposits are overlain by the Hiji 
Pyroclastic Flow Deposits (Hj) which consist of fall pyroclastic deposits and pyroclastic surge deposits in 
addition to the pyroclastic flow deposits (Fig. 2-5; Ishizuka et al., 2005). 
The present elevation of the lowland is approximately less than 10 m and get higher toward the inland 
(Fig. 2-6). Although the area from the shoreline to 250 m inland in the lowland have been artificially altered, 
a sandbar probably existed in front of the lowland before the human alternation. The area more than 250 m 
from the shoreline is used for paddy fields along three narrow valleys (Figs. 2-4 and 2-7). A small stream 
runs at the northern part of the lowland, and the 30–100 m wide valleys behind of a road extend further 
inland (Fig. 2-4). The coast of this study site is protected by stone steps, but there is a sandy beach outside 
of them. A position of the low tide line is about at most 200 m away from the high tide line, and broad tidal 
flat spreads in front of the sandy beach (Fig. 2-4). Although there is no record about a water height of the 
AD 1596 Keicho Bungo tsunami around this site, the water height is estimated to be 4–5 m at the coast of 
Kitsuki City located 5 km north-east from this site (Fig. 1-2a; Hatori, 1985a). 
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Fig. 2-1. (a) Aerial photograph of the Oh-enji marsh in 1947 (Geospatial Information Authority of Japan, 
1947). Blue dots in the map at the upper right show the locations of preliminary study sites. (b) Aerial 
photograph of the Oh-enji marsh in 2007 (Geospatial Information Authority of Japan, 2007). (c) Digital 
elevation model of the Oh-enji marsh (Geospatial Information Authority of Japan, 2015a). 
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Fig. 2-2. (a) Locations of studied transect, coring sites, and sampling site of beach sand. Aerial photograph 
of the Oh-enji marsh was provided by the Geospatial Information Authority of Japan (2007). (b) Geologic 
map around the Oh-enji marsh (Miyazaki and Yoshioka, 1994). 
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Fig. 2-3. Photograph of the Oh-enji marsh. The photo direction is shown in Fig. 2-2. 
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Fig. 2-4. Aerial photograph of the Nokinoi lowland, Hiji Town (provided by Geospatial Information 
Authority of Japan, 2015b) showing the studied transects, coring sites, and sampling sites of sand. Blue 
dots in the map at the upper right show the locations of preliminary study sites. 
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Fig. 2-5. Geologic map around the Nokinoi lowland (Ishizuka et al., 2005) showing the area of studied 
boulders. 
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Fig. 2-6. Digital elevation model of the Nokinoi lowland (Geospatial Information Authority of Japan, 
2015a). 
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Fig. 2-7. Photograph of the Nokinoi lowland. The photo direction is shown in Fig. 2-4. 
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CHAPTER 3. Methods 
3.1. Field survey and sample collection 
The first thing that I did is to search out coastal lowlands and ponds that suitable for a paleotsunami 
study by using the Google Earth satellite image, and then exploratory field surveys had been conducted all 
over the coastal area of the bay since October 2014 (Figs. 2-1a and 2-4). I tried to collect sediment cores at 
more than 10 sites and described sedimentary facies, and finally, I selected the Oh-enji marsh and the 
Nokinoi lowland for this study since some sand layers existed in freshwater organic-rich mud layers (Figs. 
2-1, 2-2, and 2-4). 
Sediment cores were collected at ten sites in the Oh-enji marsh (OEJ-a–c and OEJ-1–7 in Fig. 2-2a) 
and at nine sites in the Nokinoi lowland (HJ-1–9 in Fig. 2-4). At the Oh-enji marsh, sediment cores were 
obtained using a mechanical thin-wall sampler (75 mm diameter) at the OEJ-a–c and a gouge sampler (30 
mm diameter) at the OEJ-1–7 (Fig. 3a, b, and Table 3-1) along the shore-perpendicular transect (A–A' in 
Fig. 2-2). Sediment cores at the OEJ-a–c were collected in steps of 1 m deep and then were cut into halves 
for analyses and archival purpose. Geoslicers of 2 and 3 m long were used at the HJ-3, 4, 5, 8, and 9 to 
obtain sediment cores along two transects at the Nokinoi lowland (A–A' and B–B' in Fig. 2-4), while the 
other sediment cores were collected using the gouge sampler (Table 3-2). A sediment core HJ-4' was 
collected for geochemical analysis at the same location as the HJ-4. The geoslicer consists of a 120 mm 
wide sample tray and a shutter plate (Fig. 3c, d; Nakata and Shimazaki, 1997; Takada et al., 2002). The 
sediment cores obtained by a geoslicer were moved from a tray to 20 cm long plastic cases after description 
and photography to bring them back. 
A hand-held Garmin GPS was used to record the positions of each coring site. A topographic profile 
along each transect was measured using an ProMark 100 global navigation satellite system receiver 
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(Ashtech, Santa Clara, USA) that records the latitude, longitude, and elevation with a measurement error 
of 5 mm + 1 ppm following static post-processing and 12 mm + 2 ppm with kinematic post-processing (Fig. 
3e). The positions of boulders defined as clasts with long axes greater than 1 m were also recorded by a 
hand-held GPS at the shore of the Nokinoi lowland. Rounded boulders were approximated as rectangular 
blocks, and their three dimensions were determined. In order to measure density of the boulders and to 
make a thin section, a hand specimen was taken from a typical boulder (HJ-B2). 
 
3.2. Sedimentological analyses 
After the description of sedimentary facies by bare-eye observations, a computed tomography (CT) 
images of some sediment cores (OEJ-a–c, HJ-3, 4, 5, 8, and 9) were taken to verify sedimentary structures 
and extremely thin sand layers which is not observed by bare-eye, using the LightSpeed Ultra16 (GE 
Healthcare UK Ltd., Buckinghamshire, England) at the Kochi Core Center. Magnetic susceptibilities of the 
whole core at OEJ-b and HJ-4 were measured to check a relative change of magnetic minerals among each 
layer, by use of the MSCL-S (Geotek Ltd., Northamptonshire, England) at the Kochi Core Center. 
In order to compare grain size distribution of each sand and/or gravel deposit, tidal flat sand, and beach 
sand, the grain size ranging from 0.063 mm to 3 cm in diameter was measured using a Retch Technology 
CAMSIZER (Haan, Germany), and then the grain size (phi) and sorting were calculated based on Folk 
(1966). Some thicker sand and/or gravel layers were collected in 1 cm (651–655 cm deep in the core OEJ-
b and 104–116 cm deep in the core HJ-4) and 2 cm (420–440 cm deep in the core OEJ-a, 571–585 cm and 
721–729 cm deeps in the core OEJ-c) vertical intervals to examine changes in the grain size distribution. 
Prior to analysis, the organic matter was removed using a 30% hydrogen peroxide solution for 24 hours, 
and each sample was then dried in a 60℃ oven for 24 hours. Mud content (%) of each muddy sand layer 
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(420–440 cm deep in the core OEJ-a, 571–585 cm deep in the core OEJ-c, and 104–116 cm deep in the 
core HJ-4) was calculated by measuring the weights of total and sand amounts. A total of 100 grains of 
each sample taken from 257–259 cm, 315–316 cm, 363–366 cm, and 651–655 cm deeps in the core OEJ-
b, 571–585 cm deep in the core OEJ-c, beach sand at the Oh-enji marsh, 104–116 cm deep in the core HJ-
4, and tidal flat and beach sand at the Nokinoi lowland were divided into quartz, feldspar, pyroxene, 
hornblende, magnetite, rock fragment, and volcanic glass under a stereoscopic microscope. 
The weight of each boulder was estimated from its volume and wet density. The wet density of boulder 
was measured in a water-filled measuring cylinder after it was soaked in water for 30 minutes. 
 
3.3. Tephra, geochemical, and diatom analyses 
Refractive index measurements of volcanic glass shards and orthopyroxenes for tephra layers were 
conducted on 0.063–0.125 mm sized particles with a Refractive Index Measuring System (RIMS) at Kyoto 
Fission-Track Co. Ltd. (Yokoyama et al., 1986; Danhara et al., 1992; Kamata et al., 1994). Up to 71 volcanic 
glass shards and orthopyroxenes were collected from two tephra layers in the core OEJ-b. 
A whole-core geochemical composition was analyzed for the cores OEJ-b (Oh-enji marsh) and HJ-4' 
(Nokinoi lowland) in order to check a relative change of chemical components among each layer, with an 
ITRAX XRF core scanner at the Kochi Core Center. The core scanner provides a high resolution continuous 
semi-quantitative elemental profile, as well as an optical and radiograph images. The XRF scans were 
performed using a molybdenum tube set at 60 kV and 50 mA, with a scan resolution of 10 mm and a count 
time of 10 seconds. Though the ITRAX core scanner provides data as counts for 34 elements, ranging from 
Si to Pb, this study reports on elements of Si, S, K, Ca, Ti, V, Cr, Mn, Fe, Br, Rb, Sr, Zr, and Ba those which 
are of interest for this study by reference to Chagué-Goff et al. (2016). All elemental data were normalized 
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over kcps (thousand counts per seconds), in order to correct for matrix effects (e.g. Bouchard et al., 2011). 
Then, normalized data were processed by Dr. Catherine Chagué-Goff (University of New South Wales) 
using principal component analysis (PCA) to distinguish sediment sources (e.g. Sakuna et al., 2012; Kozak 
and Niedzielski, 2013; Nakamura et al., 2016; Chagué-Goff et al., 2016, 2017). In this study, the PCA was 
applied to the sediments evident in 362–367 cm deep of the core OEJ-b and in 101–167 cm deep of the 
core HJ-4'. 
To reconstruct the depositional environments and find past seawater inundations at the study sites, at 
least 300 diatoms were identified and counted in each sample under the optical microscope at 1000× using 
oil immersion by Dr. Takashi Chiba (Hokkaido University). The 1-cm-thick samples were taken from the 
cores OEJ-b (Oh-enji marsh) and HJ-4 (Nokinoi lowland). The diatom identification was based on 
Krammer and Lange-Bertalot (1986, 1988, 1991a, b), Round et al. (1990), Krammer (2000), Witkowski et 
al. (2000), Nagumo (2003), Sawai and Nagumo (2003a), Sawai and Nagumo (2003b), Watanabe et al. 
(2005), Kobayashi et al. (2006), Idei et al. (2012), and Chiba and Sawai (2014). 
 
3.4. Radiocarbon dating 
In this study, I selected plant material, mainly seeds, leaves, and their fragments under a 
streomicroscope, for radiocarbon dating from an organic-rich mud just beneath and/or above sand and 
tephra layers. In order to determine a sedimentation rate of the whole core, almost equally spaced dating 
materials were collected from the core OEJ-b. The radiocarbon analysis was made by accelerator mass 
spectrometry (AMS) at Beta Analytic Inc., USA. Then, the measured radiocarbon age was converted to 
calendar age (cal. yr BP) with the calibration program IntCal13 calibration curve (Reimer et al., 2013) and 
software (Calib 7.1). A sample of shell fragments in the core OEJ-b was collected in consideration of the 
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marine reservoir effect by using a local data studied at the Kikai Islands located south of Kyushu 
(Hirabayashi et al., 2017). 
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Fig. 3. Photographs of field survey. Sample collection with the use of (a) mechanical thin-wall sampler, (b) 
gouge sampler, and (c, d) geoslicer. (e) Topographic investigation with a ProMark 100. 
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Table 3-1. Location, distance from shoreline, length, and sampling method of each core collected in the 
Oh-enji marsh. 
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Table 3-2. Location, distance from shoreline, length, and sampling method of each core collected in the 
Nokinoi lowland. 
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CHAPTER 4. Results 
4.1. Oh-enji marsh 
4.1.1. Stratigraphy, tephrochronology, and sedimentary characteristics 
The up to 880 cm sedimentary succession is composed of units of lowermost dark-gray sandy mud 
with shell fragments, silt with alternations of sand and mud, dark brown organic-rich mud, gray muddy 
sand with gravel, and uppermost agricultural soil, in ascending order (Figs. 4-1, 4-2, 4-3, and 4-4). The 
sediments change gradually from the agricultural soil to the gray muddy sand layer with gravels, while the 
organic-rich mud layer is bounded by sharp contact by the upper muddy sand layer, and burrows are 
observed at this boundary in the cores OEJ-a and OEJ-b (Figs. 4-2, 4-3, and 4-4). 
Two continuous tephra layers are evident in the organic-rich mud layer and the silt layer, respectively 
(Figs. 4-1, 4-2, 4-3, and 4-4). The upper scoria layer with 3–5 cm thickness occurs between 332 cm and 
486 cm depths and is composed of light brown angular particles up to 8 mm diameter (Figs. 4-2, 4-3, 4-4, 
4-5e, 4-6d, and 4-7c), and there is no trend in thickness and grain size of this layer throughout the all 
sediment cores (Fig. 4-1). This layer is bounded by sharp upper and lower contacts with surrounding 
organic-rich muds (Figs. 4-5e, 4-6d, and 4-7c). The scoriae collected from 429–433 cm deep in the core 
OEJ-b (Figs. 4-3 and 4-6d) consist of volcanic glass shards, light minerals, and heavy minerals such as 
orthopyroxene and clinopyroxene (Table 4-1). Most of the volcanic glass shards are composed of a porous 
scoriaceous glass (Fig. 4-8a). The refractive indexes of the volcanic glass shards range at 1.5042–1.5184, 
1.5283–1.5400, and 1.5441 with the mode of 1.537–1.538 (Fig. 4-9a and Table 4-1), and this is consistent 
with the range of upper part of Danbaru Scoria (Kj-DS) (1.5351–1.5417; Table 4-1; Furusawa and Umeda, 
2000). The Kj-DS tephra, sourced from Mt. Kuju located 50 km west-southwest of the Oh-enji marsh, 
comprises four fall units of coarse-grained subplinian scoria of orthopyroxene and clinopyroxene andesite 
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(Kamata and Kobayashi, 1997). The emplacement age of the Kj-DS is assumed to be 3700–5090 cal yr. BP 
based on the radiocarbon dating at underlying and overlying humic soils (Kamata and Kobayashi, 1997). 
The refractive index of the orthopyroxene mainly ranges at 1.704–1.708 and 1.709–1.714, and the mode of 
that is at 1.706–1.707 and 1.711–1.712 (Figs. 4-8b, 4-9b, and Table 4-1). 
The lower volcanic ash layer is evident deeper than 458 cm at the cores OEJ-a, b, c, and 2, with the 
thickness in excess of 100 cm (Figs. 4-1, 4-2, 4-3, and 4-4). The layer takes on a light brown color and is 
composed of very fine particles showing a massive structure (Figs. 4-2, 4-3, and 4-4). The volcanic ash 
collected from 630–635 cm deep in the core OEJ-b is made up primarily of bubble-walled flat volcanic 
glass shards (Fig. 4-8c). The refractive indexes of the volcanic glass shards range mainly between 1.5103 
and 1.5166 with the mode of 1.511 (Fig. 4-9c and Table 4-1), and this value is consistent with the range of 
Kikai Akahoya tephra (K-Ah) which fell 7170–7300 cal. yr BP associated with the eruption of the Kikai 
caldera located on the south of Kyushu Island (e.g. Machida and Arai, 1978; Smith et al., 2013). 
Three up to 2-cm-thick sand layers are observed in sediment cores especially at the seaward sites (Fig. 
4-1). Each sand layer is numbered from A to E beginning at the top with a central focus on the core OEJ-b. 
The intersite comparison of the sand layers A–C, occurring in the organic-rich mud, is carried out based on 
sedimentary facies, grain size distribution, mineral composition, and appearance depths as well as 
radiocarbon ages. Sand layer A occurs at 257–259 cm deep in the core OEJ-b and is composed of fine to 
very coarse sand with rounded granules and pebbles (Figs. 4-3, 4-6a, 4-10e, and Table 4-2). This sand layer 
consists mainly of feldspar, quartz, and rock fragments (Table 4-3). Sand layer B is also composed mainly 
of feldspar, quartz, and rock fragments and is characterized by a sub-layer structure of fine to medium sand 
(Figs. 4-2, 4-3, 4-4, 4-10b, f, i, Tables 4-2, and 4-3). It is visible in the cores OEJ-a and OEJ-b (Figs. 4-2, 
4-3, 4-5b, and 4-6b), while it is invisible in the core OEJ-c without an observation of the CT image (Figs. 
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4-4 and 4-7b). Thin sand layers also occur in the cores obtained using the gouge sampler although it is 
difficult to observe sedimentary characteristics because of a smallness in diameter of the sampler. The cores 
OEJ-1–3 contain two thin or patchy sand layers, and just one sand layer is evident in the cores OEJ-4, 5, 
and 7, whereas there is no sand layer in the core OEJ-6 (Fig. 4-1). Sand layer C is subtle in the cores OEJ-
a–c, due to its discontinuity in the cores and also minor difference in color from surrounding organic-rich 
mud, but obviously observed in the CT images (320–322 cm in the core OEJ-a; Figs. 4-2 and 4-5c, 363–
366 cm deep in the core OEJ-b; Figs. 4-3 and 4-6c, and 450–452 cm deep in the core OEJ-c; Fig. 4-4). This 
layer consists mostly of fine- to coarse-sized rock fragments (Fig. 4-10c, g, j, Tables 4-2, and 4-3). Several 
sand layers of the alternations are light gray in color and usually less than 2 cm thick, but there are relatively 
thick sand layer D in the core OEJ-a (20 cm thick with 82.6% mud content) and OEJ-c (14 cm thick with 
39.0% mud content) (Figs. 4-1, 4-2, 4-4, and Table 4-2). The sand layer D is composed mainly of very fine- 
to fine-sized rock fragments and feldspar, and the upper part of the layer is poorly sorted (Fig. 4-11, Tables 
4-2, and 4-3). This layer shows inland thinning trend although it is observed only at two cores. 
In addition to the sand layers A–D, two gravel layers are observed in the core OEJ-a (Figs. 4-1, 4-2, 
and 4-5a, d). They are composed of rounded granules which are similar to those in the sand layer A in the 
core OEJ-b (Figs. 4-3, 4-6a, and 4-10a, d, e), but such a gravel layer is not observed at any other cores, 
including the cores collected using the gouge sampler (OEJ-1–7; Figs. 2-2, 4-1, and Table 3-1). There is a 
poorly sorted sand layer at 314–317 cm deep in the OEJ-c which consists of fine to very coarse sand with 
granules and pebbles, and the sedimentary facies of this layer looks like no other layers (Figs. 4-7a, 4-10h, 
and Table 4-2). 
It is also noteworthy that up to 8 cm thick sand layer E occurs just beneath the K-Ah tephra layer in 
the cores OEJ-b and OEJ-c (Figs. 4-1, 4-3, and 4-4). This layer, bounded by sharp contacts with upper K-
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Ah tephra and lower silt layer, is characterized by grains of very fine to very coarse sand with a gravel of 3 
cm diameter (Figs. 4-6e, 4-7e, 4-12, and Table 4-2). The volcanic glass shards of K-Ah tephra make up the 
majority of this layer, but the coarser particles are composed of feldspar, rock fragments, quartz, and 
magnetite (Table 4-3). The sand layer E between 651–655 cm deep in the core OEJ-b shows a clear grading 
structure, whereas a subtle inverse grading structure is observed at the sand layer E between 721–729 cm 
deep in the core OEJ-c (Fig. 4-12 and Table 4-2). 
The beach sand at the Oh-enji marsh is mainly composed of fine to medium sand (Figs. 2-2a, 4-10k, 
and Table 4-2). The mineral composition of the beach sand is rock fragments, feldspar, quartz, pyroxene, 
and hornblende (Table 4-3). 
 
4.1.2. Magnetic susceptibility and geochemical signatures 
The magnetic susceptibility in the core OEJ-b exhibits four major peaks at the layers of agricultural 
soil, muddy sand with gravels, upper part of K-Ah, and the sand layer E (Fig. 4-13). The Mo Inc/Mo Coh 
ratio, which is a proxy for an amount of organic content (e.g. Chagué-Goff et al., 2016), shows a distinct 
increase between 210 cm and 460 cm. The elemental profiles are divided mainly into three groups; silt with 
alternations of sand and mud (460–880 cm deep), organic-rich mud (210–460 cm deep), and agricultural 
soil and muddy sand (0–210 cm deep) (Fig. 4-13). A count/kcps of silicon (Si), potassium (K), calcium 
(Ca), titanium (Ti), vanadium (V), chromium (Cr), manganese (Mn), iron (Fe), rubidium (Rb), strontium 
(Sr), and barium (Ba) increase at 460–880 cm and 0–210 cm deeps, with a gradual decrease from 460 cm 
to 400 cm deeps. Bromine (Br) displays a different profile to the above mentioned elements. 
Peaks in count/kcps occur at 257–259 cm deep (sand layer A) for Si, K, Ca, Ti, Fe, and Sr; 314–316 
cm deep (sand layer B) for K, Ca, Ti, and Sr; 363–366 cm deep (sand layer C) for Si, K, Ca, Ti, Mn, and 
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Sr; 651–655 cm deep (sand layer E) for Si, Ca, Cr, and Sr (Fig. 4-13). There is a marked increase in 
counts/kcps of sulfur (S) at the bottom of the muddy sand layer in the depth of 180–210 cm (Fig. 4-13). 
Principal component analysis (PCA) is applied with 1 mm interval to the sediment between 362 cm 
and 367 cm deeps in the core OEJ-b in order to verify the difference in component material between the 
subtle sand layer C and surrounding organic-rich muds (Figs. 4-3, 4-6c, and 4-14). The PCA result shows 
that two principal components can explain 59% of the variance (PC1: 50% and PC2: 9%) (Fig. 4-14). The 
plotted area of the subtle sand layer C (363–366 cm deep) is clearly different from the upper and lower 
organic-rich muds (362–363 cm and 366–367 cm deeps) that are plotted around Mo Inc/Mo Coh and Br 
(Fig. 4-14). 
 
4.1.3. Diatoms 
The fossil diatom assemblages indicate that the sediments at the marsh record an overall change from 
marine to freshwater environments (Figs. 4-15 and 4-16). The interval of 140–880 cm deep in the core OEJ-
b is divided into four diatom zones on the basis of species dominance relative to total diatom valves counted, 
and records an overall change from marine to freshwater (Figs. 4-15 and 4-16). The major changes in fossil 
diatom assemblages are observed at depths of 210 cm (boundary between zones 1 and 2) and 460 cm 
(boundary between zones 2 and 3). Zone 1, the muddy sand layer at 140–210 cm deep, is characterized by 
species of freshwater–brackish and brackish–marine diatoms, but freshwater diatoms are not abundant. The 
brackish–marine diatoms such as Biremis ambigua, Delphineis surirella (No. 15 in Fig. 4-17), and 
Planthidium delicatulum (No. 16 in Fig. 4-17) occupy 76% of the total at 199–200 cm deep (Fig. 4-16). 
The fossil diatom assemblages in the organic-rich mud (zone 2) are mainly composed of freshwater species 
with less than 10% of freshwater–brackish species such as Cyclotella meneghiniana (No. 10 in Fig. 4-17). 
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In contrast to zone 2, the silt layer above the K-Ah (zone 3) is characterized by species of freshwater–
brackish, brackish–marine, and marine environments along with less abundant freshwater species. In the 
zone 4, brackish–marine and marine diatoms are common, but freshwater species are rare (Fig. 4-15). 
Fossil Diatom assemblages in the sand layers A–C in the organic-rich mud are characterized by 
freshwater–brackish diatoms such as Pseudopodosira kosugii (No. 12 in Fig. 4-17), Rhopalodia gibberula, 
and Staurosira sopotensis, brackish–marine diatoms such as Adoneis pacifica, Delphineis surirella (No. 15 
in Fig. 4-17), Diploneis suborbicularis, Melosira moniliformis, Planothidium delicatulum (No. 16 in Fig. 
4-17), and Thalassiosira spp.1 (Nos. 17 and 18 in Fig. 4-17), and marine diatoms such as Chaetoceros 
resting spore (No. 19 in Fig. 4-17) and Thalassiosira spp.2 that are not observed in the surrounding organic-
rich muds (Fig. 4-15). The abundance of freshwater–brackish, brackish–marine, and marine diatoms is 
increased at these sand layers (Fig. 4-16). 
 
4.1.4. Radiocarbon ages 
Twenty-six radiocarbon ages are obtained by the AMS method on samples from the core OEJ-b as 
well as the cores OEJ-a, OEJ-c, and OEJ-7 (Fig. 4-18 and Table 4-4). Sell fragments obtained at 879–880 
cm deep in the core OEJ-b are dated to 8050–8320 cal. yr BP (No. 24 in Table 4-4), and plant material and 
insect remains collected from the top of the organic-rich mud (215–217 cm deep) are dated to 2760–2860 
cal. yr BP (No. 6 in Table 4-4), indicating that this sediment succession records a period of about 5500 
years (Fig. 4-18). 
The radiocarbon ages obtained within and below the K-Ah tephra layer in the core OEJ-b are dated to 
7000–7180 cal. yr BP and 6990–7170 cal. yr BP (Nos. 20 and 21 in Table 4-4), and this almost coincided 
with the depositional age of the K-Ah tephra (7170–7300 cal. yr BP; Smith et al., 2013). The radiocarbon 
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ages of plant material just above and below the Kj-DS tephra in the core OEJ-b are 5740–5900 cal. yr BP 
and 5590–5660 cal. yr BP, respectively (Figs. 4-3, 4-18, and Nos. 16 and 17 in Table 4-4). The radiocarbon 
age of 5710–5890 cal. yr BP is also obtained just below the Kj-DS tephra in the core OEJ-a (Figs. 4-2, 4-
18, and No. 4 in Table 4-4). However, the age of the Kj-DS tephra is dated to 3700–5090 cal yr. BP by 
Kamata and Kobayashi (1997). In this study, since I selected leaves and seeds from the organic-rich mud 
and the overall radiocarbon ages were determined with few inconsistencies, the depositional age of the Kj-
DS tephra is more reliable (Fig. 4-18 and Table 4-4). 
The radiocarbon ages of two thin gravel layers observed at the depths of 256 cm and 345 cm in the 
core OEJ-a are dated to 4080–4260 cal. yr BP and 5370–5460 cal. yr BP (Figs. 4-2, 4-18, and Nos. 1 and 3 
in Table 4-4). The radiocarbon age of 4280–4430 cal. yr BP is obtained immediately below the sand layer 
B which occurs at 268–270 cm deep in the core OEJ-a (No. 2 in Table 4-4). Plant material collected just 
below the sand layer D in the core OEJ-a is dated to 6670–6790 cal. yr BP (No. 5 in Table 4-4). On the 
basis of radiocarbon ages obtained above and/or below the sand layers that occur in the core OEJ-b, the 
maximum range of each depositional age for the sand layers A–C is 3330–3450 cal. yr BP, 4230–4530 cal. 
yr BP, and 5160–5290 cal. yr BP or later (Figs. 4-3, 4-18, and Nos. 8, 9, 11, 12, and 14 in Table 4-4). The 
sand layer B characterized by a sub-layer structure evident at 389–394 cm deep in the core OEJ-c is dated 
to 4070–4160 cal. yr BP (Figs. 4-4, 4-18, and No. 25 in Table 4-4), and this age matches with the 
depositional ages of the sand layer B in the cores OEJ-a and OEJ-b (Fig. 4-18 and Nos. 2, 11, and 12 in 
Table 4-4). A radiocarbon age of 5050–5190 cal. yr BP is obtained from fragments of leaves and seeds 
collected immediately beneath a sand layer (281–285 cm deep) in the core OEJ-7 (Fig. 4-18 and No. 26 in 
Table 4-4). This age is overlap with the age of the sand layer C in the cores OEJ-a and OEJ-b (Figs. 4-2, 4-
3, 4-18, and Nos. 3 and 14 in Table 4-4).  
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Fig. 4-1. Cross-section of sedimentary columns along the transect A–A' in the Oh-enji marsh. 
  
  37 
 
Fig. 4-2. Photograph and CT image of the sediment core at OEJ-a in the Oh-enji marsh. Sedimentary facies, 
sand layers, tephra layers, and radiocarbon ages are shown on the right side of the CT image. 
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Fig. 4-2. (continued) 
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Fig. 4-2. (continued) 
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Fig. 4-3. Photograph and CT image of the sediment core at OEJ-b in the Oh-enji marsh. Sedimentary facies, 
sand layers, tephra layers, and radiocarbon ages are shown on the right side of the CT image. 
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Fig. 4-3. (continued) 
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Fig. 4-3. (continued) 
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Fig. 4-3. (continued) 
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Fig. 4-3. (continued) 
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Fig. 4-4. Photograph and CT image of the sediment core at OEJ-c in the Oh-enji marsh. Sedimentary facies, 
sand layers, tephra layers, and radiocarbon ages are shown on the right side of the CT image. 
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Fig. 4-4. (continued) 
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Fig. 4-4. (continued) 
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Fig. 4-4. (continued) 
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Fig. 4-4. (continued) 
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Fig. 4-5. Enlarged photographs of typical layers in the core OEJ-a. (a) 250–260 cm deep, (b) 263–273 cm 
deep, (c) 315–325 cm deep, (d) 340–350 cm deep, and (e) 373–383 cm deep. 
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Fig. 4-6. Enlarged photographs of typical layers in the core OEJ-b. (a) 255–265 cm deep, (b) 308–318 cm 
deep, (c) 360–370 cm deep, (d) 427–437 cm deep, and (e) 649–659 cm deep. 
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Fig. 4-7. Enlarged photographs of typical layers in the core OEJ-c. (a) 310–320 cm deep, (b) 387–397 cm 
deep, (c) 465–475 cm deep, and (d) 720–730 cm deep. 
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Fig. 4-8. Micrographs of (a) volcanic glass shards (429–433 cm deep), (b) orthopyroxene grains (429–433 
cm deep), and (c) volcanic glass shards (630–635 cm deep) present in the core OEJ-b (conducted by Kyoto 
Fission-track Co. Ltd.). 
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Fig. 4-9. Refractive index of (a) 66 shards of volcanic glass (429–433 cm deep), (b) 71 grains of 
orthopyroxene (429–433 deep), and (c) 71 shards of volcanic glass (630–635 cm deep) present in the core 
OEJ-b (conducted by Kyoto Fission-track Co. Ltd.). 
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Fig. 4-10. Grain size distribution of the sand layers, gravel layers, and beach sand at the Oh-enji marsh. 
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Fig. 4-11. Vertical variation in grain size distribution of the sand layer D at (a) 420–440 cm deep in the core 
OEJ-a and (b) 571–585 cm deep in the core OEJ-c. 
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Fig. 4-12. Vertical variation in grain size distribution of the sand layer E at (a) 651–655 cm deep in the core 
OEJ-b and (b) 721–729 cm deep in the core OEJ-c. 
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Fig. 4-13. Magnetic susceptibility (Mag. Susc.) and ITRAX data of the core OEJ-b. All ITRAX data, except 
for Mo Inc/Mo Coh, are normalized over kcps. A color cording of the column corresponds to that of Fig. 
4-1. 
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Fig. 4-14. Scores and loading of the PCA of normalized XRF data from 362–367 cm deep in the core OEJ-
b. Yellow and brown dots show the subtle sand layer C (363–366 cm deep) and the surrounding organic-
rich mud layers (362–363 cm and 366–367 cm deeps), respectively (provided by Dr. Catherine Chagué-
Goff). 
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Fig. 4-15. Fossil diatom assemblages in the core OEJ-b (provided by Dr. Takashi Chiba). A color cording 
of the column corresponds to that of Fig. 4-1. 
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Fig. 4-16. Abundance of freshwater, freshwater–brackish, brackish–marine, and marine diatoms in the core 
OEJ-b (provided by Dr. Takashi Chiba). A color cording of the column corresponds to that of Fig. 4-1. 
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Fig. 4-17. Micrographs of typical diatoms in the core OEJ-b. 1–9: Freshwater species, 10–12: Freshwater–
Brackish species, 13–18: Brackish–Marine species, and 19–21: Marine species; 1: Achnanthidium 
minutissimum, 2: Amphora copulata, 3: Aulacoseira granulata, 4: Diadesmis confervacea, 5: Eunotia 
formica, 6: Gomphonema parvulum, 7: Pinnularia subnodosa, 8: Tabellaria fenestrata, 9: Ulnaria japonica, 
10: Cyclotella meneghiniana, 11: Pinnunavis yarrensis, 12: Pseudopodosira kosugii, 13: Cyclotella sp.1, 
14: Cyclotella sp.2, 15: Delphineis surirella, 16: Planothidium delicatulum, 17–18: Thalassiosira spp.1, 
19: Chaetoceros resting spore, 20: Cyclotella litoralis, and 21: Tryblionella lanceola (provided by Dr. 
Takashi Chiba). 
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Fig. 4-18. Radiocarbon ages of leaves, seeds, insect remains, and shell fragments obtained from the cores 
in the Oh-enji marsh (conducted by the Geo Science Laboratory Co. Ltd.). 
  
  64 
Table 4-1. Main mineral and range of refractive index of the volcanic glass shards and orthopyroxene grains 
of the samples collected at 430–433 cm and 630–635 cm deeps in the core OEJ-b (conducted by Kyoto 
Fission-track Co. Ltd.). The data of standard samples of K-Ah and Kj-DS are also shown (Machida and 
Arai, 1978; Kamata and Kobayashi, 1997; Furusawa and Umeda, 2000). 
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Table 4-2. Mud content, mean grain size, and sorting of the sand layers, gravel layers, and beach sand at 
the Oh-enji marsh. 
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Table 4-3. Mineral composition of the sand layers A–E and beach sand at the Oh-enji marsh. A total of 100 
grains were measured in each sample. 
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Table 4-4. Radiocarbon ages of leaves, seeds, insect remains, and shell fragments obtained from the cores 
in the Oh-enji marsh (conducted by the Geo Science Laboratory Co. Ltd.). 
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4.2. Nokinoi lowland 
4.2.1. Stratigraphy, sedimentary characteristics, and radiocarbon ages 
The sediment cores of HJ-1, 2, and 7 collected at the seaward sites, are composed of a surface 
agricultural soil and a layer of muddy sand with gravels (Figs. 2-4 and 4-19). In contrast to them, up to 200 
cm sediment cores (HJ-3, 4, 5, 6, 8, and 9) obtained at the landward side beyond the road are composed of 
four units of basal dark-gray muddy sand with gravels, brown silt, dark brown organic-rich mud, and upper 
agricultural soil, in ascending order (Figs. 4-19 and 4-20). 
There is a sand layer at 104–116 cm deep in the core HJ-4 which is located at 679 m from shoreline 
(Figs. 4-19, 4-20, 4-21, and Table 3-2). The sand layer exhibits sharp upper and lower contacts with the 
surrounding mud layers, and the upper sediment is dark-brown organic-rich mud whereas the lower 
sediment is silt with few organic matters (Figs. 4-19, 4-20 and 4-21). There is a 2 cm diameters silt clast at 
the center of the sand layer which is similar to the silt below the sand layer (Fig. 4-21). The mud content of 
this 12-cm-thick sand layer is 58.9% in the average of 1 cm-interval samples, and the sand layer is 
composed mainly of very fine to fine sand showing grading structure at the lower part of the deposit (Fig. 
4-22 and Table 4-5). While there is almost no variation in the middle part, the top section is characterized 
by relatively coarser sediments (Fig. 4-22 and Table 4-5). The grain size distribution of this sand layer is 
compared to sediments of modern tidal flat and beach that are potential source areas (Figs. 2-4, 4-22, and 
4-23). The sand layer in the core HJ-4 is composed of poorly-sorted finer grains than those of beach and 
tidal flat (Figs. 4-22, 4-23, and Table 4-5). The mineral composition of the sand layer in the core HJ-4, 
consisting of feldspar, rock fragment, pyroxene, quartz, hornblende, and magnetite, is similar to that of 
modern tidal flat and beach sand (Table. 4-6). 
The intersite comparison of the sand layer that occurs in the core HJ-4, is conducted by sedimentary 
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facies and appearance depths as well as radiocarbon ages. The radiocarbon ages are dated to 590–640 cal. 
yr BP at the top of the organic-rich mud layer and 1880–2000 cal. yr BP at immediately above the sand 
layer in the core HJ-4 (Figs. 4-19, 4-20, and Nos. 28 and 29 in Table 4-7). A sand layer characterized by a 
sub-layer structure is evident in the organic-rich mud layer in the core HJ-4 (138–139 cm deep). The upper 
and lower contacts of the sand layer are unclear, and patchy sand grains are included in the upper and lower 
mud layers. The radiocarbon age of 4520–4650 cal. yr BP is obtained at 139–141 cm deep (Figs. 4-19, 4-
20, and No. 27 in Table 4-7). Sand layer is recognized at the boundary between the organic-rich mud and 
the silt layer in the cores HJ-5 (9 cm in thickness) and HJ-6 (2 cm in thickness), and this layer shows inland 
thinning trend, including that which is evident in the core HJ-4 (Figs. 4-19 and 4-20). Fragments of leaves 
collected at 94–96 cm deep in the core HJ-5 is dated to 3240–3390 cal. yr BP (Figs. 4-19, 4-20, and No. 30 
in Table 4-7). There is a large difference in depositional age among each sand layer observed in the cores 
HJ-3–5. There is no sand layer in organic-rich mud in the cores obtained from the transect B–B' (Figs. 2-4, 
4-19, and 4-20). 
 
4.2.2. Magnetic susceptibility and geochemical signatures 
The profiles of magnetic susceptibility, chemical compositions, and Mo Inc/Mo Coh ratio at 101–167 
cm deep of the core HJ-4' are divided into four groups; sand with gravels and plant fragments at 161–167 
cm depth, silt at 135–158 cm depth, sand at 116–135 cm depth, and organic-rich mud at 101–116 cm depth 
(Fig. 4-24). The sand at 116–135 cm depth is characterized by lower Mo Inc/Mo Coh ratio and higher 
magnetic susceptibility associated with higher counts of Ti and Fe, as well as Si, S, K, Ca, V, Mn, Sr, and 
Ba than in the overlying organic-rich mud and underlying silt (Fig. 4-24). 
Although there is no significant difference in the profile of Mo Inc/Mo Coh ratio between the organic-
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rich mud and silt, the magnetic susceptibility associated with higher counts of Ti and Fe is higher in the 
organic-rich mud than the silt. The profiles of S, K, Ca, Mn, and Sr display higher value in the organic-rich 
mud than the silt, while that of Cr, Rb, and Zr shows lower value (Fig. 4-24). The PCA result shows these 
trends more clearly with two principal components which explain 62% of the variance (PC1: 37% and PC2: 
25%; Fig. 4-25). The muddy sand layer is characterized by higher counts of S and Br (Figs. 4-24 and 4-25). 
 
4.2.3. Diatoms 
The fossil diatom assemblages are examined at 89–170 cm depth of the core HJ-4 and indicate that 
the sediments at the lowland record an overall change from marine to freshwater environments (Figs. 4-26 
and 4-27). The sandy mud at 148–175 cm depth is characterized by an appearance of brackish–marine and 
marine diatoms such as Melosira moniliformis (No. 8 in Fig. 4-28), Nitzschia inconspicua, Planthidium 
delicatulum (No. 9 in Fig. 4-28), and Paralia sulcata (No. 10 in Fig. 4-28), while freshwater and 
freshwater–brackish diatoms are uncommon. In the silt at 116–148 cm depth on the other hand, fossil 
diatom assemblages are mainly composed of freshwater and freshwater–brackish species with less than 
10% of brackish–marine species such as Bacillaria paxillifer and Melosira moniliformis (Figs. 4-26, 4-27, 
and Nos. 6 and 8 in Fig. 4-28). The fossil diatom assemblage in the organic-rich mud layer is dominated by 
freshwater and freshwater–brackish, but few brackish–marine species are observed at 102–103 cm depth 
immediately above the sand layer. It is noteworthy that the freshwater diatoms Rhopalodia operculata (No. 
1 in Fig. 4-28), Staurosira construens (No. 2 in Fig. 4-28), and Staurosirella pinnata (No. 3 in Fig. 4-28) 
occur in the organic-rich mud although they are absent in the silt (Fig. 4-26). 
Focusing on the sand layer which lies between the organic-rich mud and silt, freshwater–brackish 
diatoms Pseudostaurosira brevistriata (No. 4 in Fig. 4-28), brackish–marine diatoms such as Amphora 
  71 
arenicola (No. 5 in Fig. 4-28), Bacillaria paxillifer (No. 6 in Fig. 4-28), Diploneis smithii (No. 7 in Fig. 4-
28), Melosira moniliformis (No. 8 in Fig. 4-28), Planothidium delicatulum (No. 9 in Fig. 4-28), and marine 
diatoms Paralia sulcata (No. 10 in Fig. 4-28) are characteristically observed despite that they are not 
observed at the overlying organic-rich mud and underlying silt except for some species which occur 
immediately above the sand layer (Fig. 4-26). The abundance of brackish–marine diatoms increases at the 
sand layer compared to the overlying organic-rich mud and underlying silt (Fig. 4-27). 
 
4.2.4. Boulder distribution 
Hundreds of boulders are mostly concentrated in southern part of the sandy beach (Fig. 2-5). About 
90% of the measured 243 boulders are composed of andesite and 10% are conglomerate, and almost all 
boulders are rounded (Figs. 4-29, 4-30, and Table 4-8). The wet density of the andesite boulder HJ-B2 is 
2.6 g/cm3 (Fig. 4-30c). The heaviest rock boulder HJ-B1 is estimated to weigh approximately 119 t (4.0 m 
× 3.8 m × 3.0 m) (Fig. 4-30b), but the weight of the other boulders is less than 100 t (Fig. 4-29 and Table 
4-8). The maximum boulder weight decreases with distance from the shoreline along P–P' (Fig. 4-29). The 
andesite boulder HJ-B2 is mainly composed of orthopyroxene, clinopyroxene, and plagioclase, with a 
vesicular texture in the groundmass (Fig. 4-31). These features are consistent with the Akisada pyroclastic 
flow deposits that is distributed behind of the boulder sire (Fig. 2-5; Ishizuka et al., 2005). 
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Fig. 4-19. Cross-sections of sedimentary columns along the transect A–A' and B–B' in the Nokinoi lowland. 
Radiocarbon ages are also shown (conducted by the Geo Science Laboratory Co. Ltd.). 
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Fig. 4-20. Photograph and CT image of the sediment cores obtained from the Nokinoi lowland. Sedimentary 
facies, sand layers, and radiocarbon ages (conducted by the Geo Science Laboratory Co. Ltd.) are shown 
on the right side of the CT image or core photograph.  
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Fig. 4-20. (continued) 
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Fig. 4-21. Enlarged photograph and CT image of the sediments occur at 100–120 cm deep in the core HJ-
4. 
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Fig. 4-22. Vertical variation in grain size distribution of the sand layer evident in 104–116 cm deep in the 
core HJ-4. 
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Fig. 4-23. Grain size distribution of the sand grains obtained from (a) tidal flat and (b) beach (see Fig. 2-4). 
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Fig. 4-24. Magnetic susceptibility (Mag. Susc.) and ITRAX data of the depth of 101–167 cm in the core 
HJ-4'. All ITRAX data, except for Mo Inc/Mo Coh, are normalized over kcps. 
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Fig. 4-25. Scores and loading of the PCA of normalized XRF data from 101–167 cm deep in the core HJ-
4' (provided by Dr. Catherine Chagué-Goff). Each color of dot corresponds to that of Fig. 4-19; muddy sand 
with gravels and plant fragments (161–167 cm deep, blue), silt (135–158 cm deep, brown), sand (116–135 
cm deep, sand), and organic-rich mud (101–116 cm deep, dark brown). 
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Fig. 4-26. Fossil diatom assemblages in the core HJ-4 (provided by Dr. Takashi Chiba). A color cording of 
the column corresponds to that of Fig. 4-19. 
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Fig. 4-27. Abundance of freshwater, freshwater–brackish, brackish–marine, and marine diatoms in the core 
HJ-4 (provided by Dr. Takashi Chiba). A color cording of the column corresponds to that of Fig. 4-19. 
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Fig. 4-28. Micrographs of typical diatoms in the core HJ-4. 1–3: Freshwater species, 4: Freshwater–
Brackish species, 5–9: Brackish–Marine species, and 10: Marine species; 1: Rhopalodia operculata, 2: 
Staurosira construens, 3: Staurosirella pinnata, 4: Pseudostaurosira brevistriata, 5: Amphora arenicola, 6: 
Bacillaria paxillifer, 7: Diploneis smithii, 8: Melosira moniliformis, 9: Planothidium delicatulum, and 10: 
Paralia sulcata (provided by Dr. Takashi Chiba). 
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Fig. 4-29. (a) Locations, sizes, and types of the boulders in the study area. (b) Relationship between the 
distance from shoreline and boulder weight along P–P'. 
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Fig. 4-30. (a) Photograph showing boulders on the sandy tidal flat at the shore of the Nokinoi lowland. (b) 
Andesite boulder HJ-B1 (4.0 m×3.8 m×3.0 m, 118.6 t, scale = 1 m). (c) Andesite boulder HJ-B2 (2.8 m×2.3 
m×2.2 m, 36.8 t, scale = 1 m). (d) Andesite boulder HJ-B3 (2.4 m×2.2 m×1.2 m, 16.5 t, scale = 1 m). (e) 
Andesite boulder HJ-B4 (3.0 m×2.1 m×1.3 m, 21.3 t, scale = 1 m). 
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Fig. 4-31. Photomicrographs of the andesite boulder named HJ-B2 under (a) open nicol and (b) cross nicol. 
(c) Vesicular texture in the groundmass (open nicol). Opx, Cpx, and PLG are short of orthopyroxene, 
clinopyroxene, and plagioclase (provided by Kohei Tominaga). 
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Table 4-5. Mud content, mean grain size, and sorting of the sand layer in the core HJ-4, tidal flat sand, and 
beach sand at the Nokinoi lowland. 
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Table 4-6. Mineral composition of the sand layer in the core HJ-4, tidal flat sand, and beach sand at the 
Nokinoi lowland. A total of 100 grains were measured in each sample. 
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Table 4-7. Radiocarbon ages of leaves and seeds obtained from the cores in Nokinoi lowland (conducted 
by the Geo Science Laboratory Co. Ltd.). 
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Table 4-8. Location, sizes, weight, and rock type of boulders. 
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Table 4-8. (continued) 
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Table 4-8. (continued) 
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Table 4-8. (continued) 
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Table 4-8. (continued) 
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CHAPTER 5. Discussion 
5.1. Depositional environments of the study sites 
5.1.1. Oh-enji marsh 
The sediment cores from the Oh-enji marsh encompass a record after 8050–8320 cal. yr BP (Figs. 4-
3, 4-18, and Table 4-4). The depositional environment of the Oh-enji marsh can be reconstructed from the 
sedimentary facies as well as the profiles of chemical components and fossil diatom assemblages. It is 
suggested from the sedimentary facies of poorly sorted silt and alternations of sand and mud that the 
depositional environment of the silt (gray layer in Fig. 4-1) is an inner bay or a tidal flat. This interpretation 
is supported by the higher counts/kcps of S and Ca, which occur in higher concentration in seawater than 
freshwater (e.g. Wedepohl, 1971; Chagué-Goff et al., 2016), as well as a low Mo Inc/Mo Coh ratio which 
corresponds with an amount of organic matter (Fig. 4-13). The abundance of the brackish–marine and 
marine diatoms in this layer (diatom zones 3 and 4 in Figs. 4-15 and 4-16) also indicates that this layer had 
been formed under such environments. 
In the organic-rich mud (diatom zone 2), marine species are rare while freshwater species are dominant 
in the assemblages, indicating that the environment of this zone is estimated to be without major effect from 
seawater (Figs. 4-15 and 4-16). The sharp decline of the brackish–marine and marine taxa and the 
significant change of geochemical profile at 470 cm deep in the core OEJ-b (Figs. 4-13, 4-15, and 4-16), 
between the boundary of the silt (diatom zone 3) and the upper organic-rich mud (diatom zone 2), are 
probably due to a formation of the barrier spit that fringes seaward side of the study site. 
In contrast to the organic rich mud, the depositional environment of the muddy sand ~210 cm deep 
(diatom zone 1) returns back to an inner bay and a tidal flat again as the sediments are composed of the 
poorly sorted muddy sand without any sedimentary structures (Figs. 4-1, 4-2, 4-3, and 4-4). This 
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interpretation is also supported by the element profiles which are similar to those of zones 3 and 4 (Fig. 4-
13) and the appearance of brackish–marine and marine diatoms (Figs. 4-15 and 4-16). 
 
5.1.2. Nokinoi lowland 
The sedimentary record younger than 590–640 cal. yr BP is lost due to a cultivation at this lowland 
(Fig. 4-19). The depositional environment of the Nokinoi lowland is also reconstructed by the sedimentary 
facies as well as the profiles of chemical components and fossil diatom assemblages. The appearance of 
bracksh–marine and marine diatoms in the muddy sand (148–175 cm deep in the core HJ-4) suggests that 
this layer had been deposited under a marine environment, whereas the organic-rich mud and the silt had 
been deposited under a non-marine environment since there are very few or no brackish–marine and marine 
diatoms (Figs. 4-26 and 4-27). The higher concentrations of S and Br in the muddy sand layer deeper than 
161 cm of the core HJ-4' also imply this interpretation since these elements exhibit higher concentration in 
seawater than freshwater (e.g. Wedepohl, 1971; Chagué-Goff et al., 2016; Figs. 4-24 and 4-25). In contrast 
to the bottom muddy sand, the organic-rich mud and the silt layer had been deposited under a non-marine 
environment because of a higher Mo Inc/Mo Coh ratio as well as a lower concentration for S, Ca, and Br 
than the muddy sand (Figs. 4-24 and 4-25). 
At the cores HJ-4, 5, and 6, given that the sand layer is overlain by the organic-rich mud and underlain 
by the silt, the depositional environment in the Nokinoi lowland changed after the deposition of the sand 
layer (Figs. 4-19, 4-20, and 4-21). The difference in the depositional environment between organic rich 
mud and silt is also apparent in chemical components and fossil diatom assemblages. There is a small 
difference in chemical components such as S, K, Ca, Cr, Mn, Rb, Sr, and Zr between the organic-rich mud 
and silt (Figs. 4-24 and 4-25), and the freshwater and freshwater–brackish diatoms such as Rhopalodia 
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operculata, Staurosira construens, Staurosirella pinnata and Pseudostaurosira brevistriata are observed in 
the organic-rich mud, but not in the silt (Fig. 4-26). 
 
5.2. Identification of prehistoric tsunami deposits 
5.2.1. Sand layers in the Oh-enji marsh 
Two thin sand layers A and B in the organic-rich mud at the Oh-enji marsh exhibit sharp contacts with 
the overlying and underlying muds (Figs. 4-2, 4-3, 4-5b, and 4-6a, b), implying that they were most 
probably deposited by sudden events. It is widely known that event deposits have sharp erosional bases 
(e.g. Nanayama et al., 2007; Yamada et al., 2016a). Although sharp upper and lower contacts with the 
surrounding organic-rich muds are not observed at the subtle sand layer C, considering that the overlying 
and underlying muds in CT images contain no sand grains, the sand layer C was formed by a sudden event 
(Figs. 4-2, 4-3, and 4-4). A continuity of the sand layers especially in the seaward side is one of the 
evidences that these sand layers were formed by seawater inundations (Fig. 4-1). 
The sand layers A–C are characterized by higher magnetic susceptibility associated with higher counts 
of Ti and Fe, as well as higher counts of K, Ca, Mn, and Sr (Fig. 4-13), suggesting that the sand grains were 
transported from some environments other than the coastal marsh. As the subtle sand layer C in the core 
OEJ-b consists of a small amount of patchy sand grains in the organic-rich mud, it is difficult to identify 
that by bare-eye (Figs. 4-2, 4-3, 4-4, 4-5c, and 4-6c), but there is a clear difference in chemical distribution 
by PCA between the sand layer C (363–366 cm deep) and surrounding organic-rich muds (362–363 cm and 
366–367 cm deeps) (Fig. 4-14). In addition to that, an existence of the brackish–marine and marine diatom 
species in the sand layers implies that the sand was supplied from sea bottom and/or shore (Figs. 4-15 and 
4-16). 
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The sand layers A–C were not likely formed by past flood events since there is no large river which 
can form sandy sediments on entire lowland (Fig. 2-1). Existences of brackish–marine and marine diatoms 
in the sand layers also support this explanation (Figs. 4-15 and 4-16). It is difficult to classify the sand 
layers into tsunami deposits and wash over deposits of storm surges completely, since both are formed by 
seawater inundation. The Kyushu Island has been damaged by typhoons (e.g. 1945 Makurazaki typhoon, 
1951 Ruth typhoon, 1954 Typhoon No. 12, and 1999 Typhoon No. 18; Kyushu Regional Construction 
Association, 2014). For example, wind set-ups of the Typhoon No. 18 in 1999 caused seawater inundation 
at coastal lowlands in Kumamoto Prefecture (west coast of Kyushu; e.g. Takikawa, 2000; Goto et al., 2015) 
and Yamaguchi Prefecture (north coast of Seto Inland Sea; e.g. Mitsunaga et al., 2003), but there is no 
record that the coastal area of Beppu Bay was inundated by past storm surges in historic ages. It is unlikely 
that storm surges overtopped the 5-m-high sandbar and inundated the marsh widely (Fig. 4-1). It is difficult 
to reconstruct the accurate elevation of the marsh and sea level at the time when the sand layers deposited, 
but the elevation of the sandbar has probably not changed a lot after the formation. Thus, given that the 
height of the AD 1596 Keicho Bungo tsunami is estimated to be more than 5-m-high (Hatori, 1985a), the 
sand layers A–C were highly likely deposited by prehistoric tsunamis. 
Although there is no strong evidence to identify the sand layer D as a tsunami deposit, their facies are 
critically different from the other alternations of sand and mud that occur in the marine silt sediments (Figs. 
4-2 and 4-4). Considering that the sand layer D is observed at two cores 90 m away each other, it may have 
been formed by a prehistoric tsunami since tsunami deposit usually spreads across a wide area (e.g. Goto 
et al., 2011). 
The sand layer E, occurring immediately beneath the K-Ah tephra, is characterized by higher magnetic 
susceptibility, as well as higher counts of Si, Ca, Cr, and Sr (Fig. 4-13). This probably reflects a difference 
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in the component material between the sand layer E and underlying silt (Figs. 4-3, 4-4, 4-6e, and 4-7d). 
The sand layer E that consists of very fine to very coarse sand and a pebble, exhibits a grading structure 
(Fig. 4-12a), suggesting that the layer was deposited by fall-out of sand grains from suspension. In contrast, 
the subtle inverse grading structure is observed at the sand layer E in the core OEJ-c (Fig. 4-12b). This is 
probably resulted from a contamination of very coarse- to granule-sized pumices in the upper layer. Given 
that the sand layer E includes not only sand particles but also volcanic glass shards of K-Ah tephra (Table 
4-3), this layer was probably formed at the same time as the falling of K-Ah tephra associated with an 
eruption of the Kikai caldera c.a. 7300 years ago (e.g. Machida and Arai, 1978). Previous studies about this 
eruption indicate that the collapse of the caldera generated a huge tsunami based on the geologic records 
and tsunami simulation (Maeno et al., 2006; Maeno and Imamura, 2007). Actually, a probable tsunami 
deposit caused by the Akahoya eruption is observed at the Oita City located south coast of Beppu Bay 
(Fujiwara et al., 2010). Considering these facts, the sand layer E was most likely deposited by a tsunami 
associated with the Akahoya eruption. 
 
5.2.2. Sand layers in the Nokinoi lowland 
Sharp contacts between sand and surrounding muds at the Nokinoi lowland imply that the sand layer 
was formed by a sudden event (Figs. 4-20 and 4-21). Existence of a rip-up clast in the sand layer indicates 
erosion of ground surface (Fig. 4-21). These sedimentlogical features have been reported by recent tsunami 
studies (e.g. Bondevik et al., 2003; Gelfenbaum and Jaffe, 2003; Nanayama and Shigeno, 2006). During 
run-up, a tsunami produces various sedimentary structures, such as sharp erosional bases and rip-up clasts. 
The sand layer at the Nokinoi lowland exhibits higher magnetic susceptibility associated with higher 
counts of Ti and Fe, as well as higher counts of Si, S, K, Ca, Mn, Sr, and Ba than in the overlying and 
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underlying muds (Fig. 4-24). This suggests that the sand grains were supplied from some environments 
other than freshwater wetland. The PCA also exhibits clear difference between the plotted areas of the sand 
layer and the other layers of organic-rich mud, silt, and bottom muddy sand with gravels (Fig. 4-25). There 
are no brackish–marine diatoms in the organic-rich mud and silt layers, but they account for 5–6% of the 
total within the sand layer, indicating that the sand grains are partially supplied from brackish–marine 
environment (Figs. 4-26 and 4-27). The differences in grain size and sorting between the sand layer and 
sediments of modern tidal flat and beach probably imply that the sand layer in the core HJ-4 partly contains 
the onshore sediments eroded during inundation process (Figs. 4-22, 4-23, and Table 4-6). 
 
5.2.3. Boulders in the Nokinoi lowland 
The andesite and conglomerate boulders are mostly concentrated in an area in front of the outcrop of 
the Akisada pyroclastic flow deposits, but they are rare in other places of the tidal flat (Fig. 2-5; Ishizuka 
et al., 2005). In addition to their locations, given that the andesite boulder HJ-B2 mainly consists of 
orthopyroxene, clinopyroxene, and plagioclase, with a vesicular texture in the groundmass (Fig. 4-31), the 
boulders were supplied from the outcrop of the Akisada pyroclastic flow deposits which are composed of 
andesite lapilli with volcanic rock. 
The maximum boulder weight becomes lighter with distance from the shoreline to seaward along P–
P' (Fig. 4-29), suggesting the possibility that some boulders, that dropped down from the outcrop, were 
reworked seaward by reflected flows of past tsunamis or storm surges. In fact, the boulders transported by 
the 2004 Indian Ocean tsunami in Pakarang Cape, Thailand, are observed only at seaward side of the high-
tide line, and the boulder weight becomes lighter with distance from the shoreline (Goto et al., 2007). The 
boulders transported to inland by recent tsunamis often show landward finning to reflect a wane of flow 
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energy (e.g. Spiske and Bahlburg, 2011; Yamada et al., 2014), while landward coarsening is sometimes 
observed due to a reworking of small boulders seaward by backwash flows (Goto et al., 2012). 
Considering that the boulders are moved easily and further by tsunamis than storm surges due to a 
difference in wavelength (e.g. Goto et al., 2009, 2010), and almost all of boulders have not been reworked 
for 40 years based on the observation of satellite images (Geospatial Information Authority of Japan, 1975, 
2015b), some boulders observed in the Nokinoi lowland might have been reworked seaward by backwash 
flow of past tsunamis although their reworked ages have not been determined. 
 
5.3. Possible source and chronology of prehistporic tsunamis in Beppu Bay 
Given that faulting in Beppu Bay have occurred repeatedly (Fig. 1-3; e.g. Shimazaki et al., 1986; Oita 
Prefecture, 2002; HERP, 2005) and the tsunami associated with the AD 1596 Keicho Bungo earthquake 
inundated extensive range of coastal area of the bay (Fig. 1-2a; Hatori, 1985a), the prehistoric tsunami 
deposits at the study sites were highly likely deposited by tsunamis associated with intraplate earthquakes 
which occurred at the submarine active faults in the bay. This interpretation is also supported by the 
previous studies which suggest that the past earthquakes in Nankai Trough, Hyuga-nada, and Median 
Tectonic Line had a low or no impact to the coastal area of the bay (Fig. 1-2b; Hatori, 1985a, b; Nakanishi, 
2002). 
It is difficult to unravel an accurate rupture zone of each earthquake associated with the prehistoric 
tsunami deposits due to a lack of broad geological evidence which encompasses the entire coast of the bay. 
The height of a tsunami generated by an intraplate earthquake in the bay was calculated based on alternative 
fault models (Ishibe and Shimazaki, 2005). The calculated maximum wave heights based on the model that 
assumes ruptures of the all faults in the bay fit to the maximum wave heights of the AD 1596 Keicho Bungo 
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earthquake tsunami reconstructed by Hatori (1985a). On the other hand, the model that assumes ruptures 
of the faults only in the central area of the bay shows much lower maximum heights. 
The non-marine organic-rich mud at the Oh-enji marsh includes three probable prehistoric tsunami 
deposits in 3300–3450 cal. yr BP (sand layer A), 4230–4530 cal. yr BP (sand layer B), and 5160–5290 cal. 
yr BP or later (sand layer C) (Figs. 4-1, 4-18, and 5). The sand layer B is probably formed by an event that 
occurred during 3600–4600 years ago (e.g. HERP, 2005), and it is possible that the sand layers A and C 
also correspond to the other faulting that occurred during 3600–4600 and 5300–6000 years ago although 
their ages are slightly afield from each other (e.g. HERP, 2005; Figs. 1-2 and 5). The ages of sand layers A 
and B indicate that the faulting 3600–4600 years ago probably includes at least two activities that are not 
known from the previous seabed studies (e.g. Oita Prefecture, 2000, 2001, 2002). The sand layer D, evident 
in the marine silt layer, is dated to 6670–6790 cal. yr BP or later (Fig. 4-18), and this age corresponds with 
the age of the faulting which occurred during 5800–7300 years ago (e.g. HERP, 2005; Figs. 1-2, 4-18, and 
5). The sand layer observed at the Nokinoi lowland was deposited before 1880–2000 cal. yr BP associated 
with the faulting which occurred 1700–2200 years ago (Figs. 4-19 and 5). The seismic or tsunami turbidite 
in 1893 is probably formed by this faulting because its age is consistent with the faulting age (Kuwae et al., 
2013; Yamada et al., 2016b). 
An interval between the latest tsunami deposit and the AD 1596 Keicho Bungo earthquake is about 
1500 years or longer (Fig. 5). Since there is no record relevant to faulting and tubidite between these ages, 
the faulting approximately 2000 years ago is the latest event before AD 1596. The sand layer A was also 
deposited about 1500 years ago before the faulting which occurred 2000 years ago. The ages of sand layers 
A and B are completely determined by plant material obtained immediately above and below the sand layers 
(Fig. 4-18 and Table 4-4), and the interval between them is estimated to be approximately 800–1200 years 
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(Fig. 5). The sand layer C with the age of 5160–5290 cal. yr BP is formed 600–1000 years before the 
deposition of the sand layer B, and an interval between sand layers C and D is about 1500 years (Fig. 5). 
This study identified four probable prehistoric tsunami deposits, and their recurrence interval is 
estimated to be approximately 850–1500 years (Fig. 5). However, this interval is not necessarily the same 
as the interval of the faulting of the submarine active faults, as faulting are not always generate tsunamis. 
 
5.4. Past faultings estimated from the sedimentary record 
The thick inner bay or tidal flat sediments (~210 cm deep in the core OEJ-b) at the Oh-enji marsh was 
not likely deposited a seawater inundation, because layers more than 100 cm thick were rarely deposited 
by modern major tsunamis such as the 2011 Tohoku-oki tsunami and the 2004 Indian Ocean tsunami (e.g. 
Hori et al., 2007; Goto et al., 2011; Yamada and Fujino, 2013). Another possible cause of deposition of the 
thick sediments is sea-level change, but the abrupt increase of brackish–marine and marine taxa in the 
muddy sand layer (zone 1) conflicts with the sea level lowering from ca. 6000 years ago (Yokoyama et al., 
1996). As far as the facies change from non-marine to marine sediments is not able to be explained by the 
sea level change, the most likely interpretation is a local subsidence associated with faulting at south of the 
Oh-enji marsh (Saganoseki fault; Fig. 1-3). 
The hypothesis of the subsidence is also supported by an occurrence elevation of the organic-rich mud 
which is evident between −3 and 0 m.a.s.l. (Fig. 4-1). This indicates that the Oh-enji marsh has secularly 
subsided, because non-marine organic-rich mud is deposited on a freshwater marsh of more than 0 m.a.s.l. 
Although the accurate timing and single amount of faulting are not revealed, the Oh-enji marsh must have 
repeatedly subsided over the long term. 
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Fig. 5. Comparison of the age of prehistoric tsunami deposits with the faulting history of the submarine 
active faults in the bay (modified after Oita Prefecture, 2000, 2001, 2002; HERP, 2005; Kuwae et al., 2013; 
Yamada et al., 2016b) with the recurrence interval of the prehistoric tsunami deposits as well as the AD 
1596 Keicho Bungo earthquake. 
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CHAPTER 6. Conclusion 
In this study, onshore sediment cores were obtained from the coastal lowlands of Beppu Bay to 
establish a detailed chronology of tsunamigenic intraplate earthquakes in prehistoric age. A total of five 
probable prehistoric tsunami deposits associated with intraplate earthquakes were identified and dated to 
1880–2000 cal. yr BP or earlier, 3300–3450 cal. yr BP, 4230–4530 cal. yr BP, 5160–5290 cal. yr BP or later, 
and 6670–6790 cal. yr BP or later. Based on these ages as well as the AD 1596 Keicho Bungo earthquake, 
a recurrence interval of the prehistoric tsunamis is estimated to be approximately 850–1500 years. 
At the Oh-enji marsh, south coast of the bay, the sediments abruptly changed from a non-marine 
organic-rich mud to an inner bay or tidal flat muddy sand at around 200 cm deep. This is probably explained 
by a local subsidence associated with intraplate earthquakes which occurred at the active fault located south 
of the Oh-enji marsh as this environmental change cannot be explained by the sea level lowering since ca. 
6000 years ago. The evidence for the subsidence can also be seen in the difference between present 
elevation (< 0 m.a.s.l.) and the elevation at the depositional time (> 0 m.a.s.l.) of the non-marine organic-
rich mud. 
This study provides the accurate ages of prehistoric tsunami inundations as well as the possibility that 
the easternmost area of the Oita plain has secularly subsided by the faulting of the Saganoseki fault. Further 
studies collaborating with active fault researches will unravel a detailed faulting history of the highly 
complex active faults in Beppu Bay. 
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